High-level ab initio calculations were carried out to evaluate the interaction between the hydroquinone and benzene molecules. The intermolecular interaction energy was calculated using the Møller-Plesset second-order perturbation theory at the complete basis set limit and also at the coupled cluster theory with single, double, and perturbatively triple excitations. The calculated binding energy is larger than the benzene dimer interaction energy. The T-shaped cluster ͑T-a͒ and the parallel conformation ͑P-a͒ are calculated to be nearly isoenergetic. Owing to the large energy gain in the attraction by electron correlation, the dispersion interaction is important for the attraction.
I. INTRODUCTION
Aromatic-aromatic interactions play important roles in many chemical and biological systems. 1, 2 These forces are important in base-base pairing ͑leading to a double-helical structure of DNA͒, special pairing in photosynthetic reaction centers, packing aromatic systems, forming aggregates, and host-guest binding. [3] [4] [5] [6] The aromatic-aromatic interactions can be categorized into the face-to-face ͑stacked͒, parallel displaced face-to-face ͑PD or displaced stacked͒, and edgeto-face ͑T-shaped͒ interactions. A large number of experimental 7 and theoretical studies [8] [9] [10] have been carried out on these molecular systems. The benzene dimer is a prototypical case of -interactions and it is known that the T-shaped and PD conformations are nearly isoenergetic, while the energy barrier for the interconversion between the two structures is very small.
The interaction between quinone/hydroquinone and benzene has been utilized in constructing molecular mechanical devices such as molecular flippers/vehicles. 11 Quinones are ubiquitous in photosynthesis and therefore the study on the interactions of quinones with various residues is important for understanding many biological processes. 12, 13 p-benzoquinone is the most widely studied quinone as a model for the quinone system found in photosynthetic reaction center. There are many reports about the interaction of p-benzoquinone with various molecules such as water, benzene, indole, etc.
14 On the other hand, there are only a few studies of hydroquinone ͑HQ͒ interacting with various molecules. Hydroquinone is a potential human carcinogen to which many people are exposed, and its presence has been in high concentrations in the smoke of unfiltered cigarettes. Hydroquinone is also used as an antioxidant in the rubber industry. The self-assembly of the calixhydroquinone organic nanotubes originated from the aromatic-aromatic interactions. 2, 10 Therefore, it would be of importance to investigate the interaction between hydroquinone and benzene.
In particular, understanding molecular interactions for selfassembly process is very important to design functional molecular systems and nanomaterials. 15 Recent reports show that many research groups are actively investigating the interaction between different types of aromatic systems or between aromatic molecules and a hydrogen donor. Systems such as benzene-toluene, benzenephenol, benzene-naphthalene, naphthalene-naphthalene, benzene-water, benzene-methane, etc., have attracted much attention. 16 -18 We reported calculations on p-benzoquinone-benzene ͑PBQ-Bz͒ clusters and found that neutral PBQ prefers to complex with benzene in a parallel displaced form, while the dianionic PBQ complexes with benzene in a T-shaped form. 19 This redox property of the complex system could be applied in designing nanomechanical devices. Here, we have computed the interaction between hydroquinone and benzene, and compared it with our earlier results on the PBQ-Bz system.
II. COMPUTATIONAL METHODS
Geometries of HQ-Bz complexes were fully optimized at the Möller-Plesset second-order perturbation ͑MP2͒ level of theory with 6-31ϩG* and 6-311ϩϩG** basis sets. The important geometries were further optimized at the MP2 level using the augmented correlation consistent polarized valence double zeta ͑aug-cc-pVDZ͒ basis set ͓to be shortened as aVDZ͔. Binding energies of the geometries optimized at MP2/aVDZ were refined at the MP2/augmented correlation consistent polarized valence triple zeta ͑aug-ccpVTZ͒ level ͓to be shortened as aVTZ͔, and also at the level of coupled cluster theory with single and double excitations and perturbative triplet excitations ͓CCSD͑T͔͒ employing the 6-31ϩG* basis set. The basis set super position error ͑BSSE͒ corrections for the complexes were carried out using the counterpoise method. 20 The binding energies at the complete basis set ͑CBS͒ limit were computed at the MP2 level on the MP2/aVDZ geometries. 21 The minimum-energy structures were confirmed from the harmonic vibrational frequencies at the MP2/6-31ϩG* level. Natural bond orbital ͑NBO͒ calculations were done at the MP2/6-311ϩϩG** level on the geometries optimized at the same level. The calculations were carried out using the GAUSSIAN 98 suite of programs, 22 and the figures were drawn using the POSMOL package.
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III. RESULTS AND DISCUSSION
A relatively low O-H bond dissociation energy which facilitates the H-abstraction reactions and a relatively high ionization potential ͑IP͒ makes HQ a very good antioxidant. HQ has two structural isomers in the ground state, C 2v ͑cis͒ and C 2h ͑trans͒ isomers ͑Fig. 1͒. The relative energies of both forms calculated at different levels of theory are shown in Table I . These calculated energies agree with the earlier experimental reports that the relative stability of the trans conformer with respect to the cis isomer is 15-35 cm Ϫ1 .
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As the basis set increases, the energy difference between trans and cis conformers gets decreased, and at the MP2/ aVTZ level, the trans conformer is 31.4 cm Ϫ1 more stable than the cis isomer, and at the complete basis set limit for the MP2 results, the former is stabilized by 32.8 cm Ϫ1 over the latter. At the CCSD͑T͒/aVDZ level of theory, the corresponding energy difference is 26.7 cm Ϫ1 . Experimental studies showed that the ionization potential of HQ is about 7.9 eV. 25 The vertical ionization potentials and Koopman's potentials calculated at different levels of theory are shown in Table II . At the CCSD͑T͒/aVDZ level the IP is about 7.84 eV, in good agreement with the experimental value.
The MP2/6-31ϩG* and MP2/6-311ϩϩG** predicted interaction energies (⌬E e ) and important geometrical parameters of the HQ-Bz cluster system are listed in Table III , and the geometries along with the MP2/6-311ϩϩG** energies are shown in Fig. 1 . We have investigated the stacked configuration ͑S-a͒, parallel displaced configuration ͑P-a͒, T-shaped edge-to-face conformations with facial benzene ͑T-a, T-b, and T-c͒, and T-shaped edge-to-face conformations with facial hydroquinone ͑T-q͒ of the HQ-Bz complexes. Binding energies and geometrical parameters of important geometries calculated at the higher level of theory are shown in Table IV . Although all other possible conformations of HQ-Bz clusters were tested, most of them converged to one of the geometry shown in Fig. 2 .
Here we begin with the discussions on conformations having -interactions, the stacked geometries S-a ͑face-toface interactions͒ are slightly less stable (ϳ3 kcal/mol) than the parallel-displaced geometries ͑P-a͒. Frequency calculations at the MP2/6-31ϩG* level showed that P-a is a minimum on the potential-energy surface. The geometrical parameters show that for S-a, the interplanar distance between the carbon rings ͑3.50 Å͒ is larger than that for the paralleldisplaced geometry P-a ͑3.15 Å͒.
The calculations predict that depending upon the basis set and the method employed, there is a competition between the T-shaped and PD geometries. We have computed the zero-point energies ͑ZPE͒ for the important geometries at the MP2/6-31ϩG* level ͑Table II͒. The ZPE corrections for P-a and T-a are 1.01 and 1.56 kcal/mol, respectively. Compared to the PD-shaped geometry, the T-shaped geometry has a larger ZPE. The binding energies computed with the complete basis set limit ͑at the MP2 level͒ predict that P-a and T-a are almost isoenergetic; T-a is 0.3 kcal/mol more stable in ⌬E e , while P-a is 0.25 kcal/mol more stable in ⌬E 0 . At the CCSD(T)/6-31ϩG* level of theory, calculations predict that T-a is more stabilized than P-a by 1.5 kcal/mol in ⌬E e and by 1.0 kcal/mol in ⌬E 0 . Thus the higher electron correlation seems to be in favor of the T-shaped conformers. Our earlier paper reported that the geometrical changes upon redox cycles of PBQ-Bz clusters can be used in designing nanomechanical devices. In contrast to the PBQ-Bz cluster in which the most stable T-shaped conformers are those with a PBQ base, in HQ-Bz cluster the benzene base T-shaped conformers are more stable. The binding energy difference between two forms at MP2/aVDZ is 2.2 kcal/mol in favor of the T-shaped conformer. Moreover, frequency calculations at MP2/6-31ϩG* indicate that structure T-q is not a minimum, but has two imaginary frequencies. Both S-a and T-a were calculated to be minima on the potentialenergy surface. The binding energies of neutral p-benzoquinone-benzene complex are larger than that of hydroquinone-benzene ͑10.21 kcal/mol vs 8.20 kcal/mol at MP2/aVDZ͒, 19 but smaller than that of 2,5 dimethyl p-benzohydroquinone dimer (ϳ14 kcal/mol) 10 ͑or the three binding energies are 7.2, 5.2, and 9.9 kcal/mol for the full BSSE correction; these energies are reduced to 6.0, 4.2, ϳ8.5 kcal/mol by ZPE correction͒.
In T-a and T-b which are almost isoenergetic conformers, two nonbonded intermolecular interactions compete in the most stable conformation. One is H-bonding interaction ͑O-H... type͒ between the hydroxyl hydrogen and the -electron cloud of benzene, and the other is between one of the hydrogen atoms of HQ and the -electron cloud of benzene. At the MP2/6-311ϩϩG** level the energy difference between two structures is only in the range of a fraction of 1 kcal/mol, which implies that the potential energy surface for the planar geometry is almost flat near the minimum.
The Hartree-Fock ͑HF͒ binding energies ͑at the MP2-optimized geometries͒ for most of the geometries in Fig. 3 lead to repulsive interactions ͑Fig. 3͒. A similar situation is also observed for Bz-Bz and PBQ-Bz cases.
14 Figure 3 shows that the inclusion of correlation stabilizes the T-shaped conformers in comparison with the paralleldisplaced geometries. Parallel geometries S-a and P-a show a large repulsive interaction at the HF level. These results lead to the conclusion that the dispersive forces are important in obtaining an accurate estimate of the interaction energy.
We have studied the charge-transfer interactions between the hydroquinone and benzene. NBO calculations at the MP2/6-311ϩϩG** level show that there is no significant charge transfer between the two moieties. The net charge population on benzene in T-a is about Ϫ0.01 a.u. and that in P-a is Ϫ0.002 a.u. Nevertheless, the polarization in the complex would be very important.
Next we discuss the changes in the vibrational frequencies of benzene upon complexation with the hydroquinone. Figure 4 shows the IR spectra of hydroquinone monomer and the corresponding structures in the complex. It is important to note that for the hydroquinone molecule there exists an intrinsic interaction between the oxygen atom and the nearest hydrogen atom attached to the ring. This can be identified from the structural parameters ͑Fig. 1͒ as well as the redshift in CH ͑next OH group͒ stretching vibrations. The CH stretching modes of those H atoms which are interacting with TABLE IV. Relative energies ͑in kcal/mol͒ and geometrical parameters ͑in Å͒ of important conformations of hydroquinone-benzene computed at high levels of theory. ͓See the caption to the oxygen atom are redshifted by about 30 cm Ϫ1 compared to other CH bonds.
In the cluster system, the major shift in vibrational frequencies is observed at the O-H stretching region of HQ molecule. In the parallel geometry P-a, one of the OH stretching frequencies is similar to that in the free HQ molecule, while the other is redshifted by ϳ20 cm Ϫ1 . The stretching frequency of the OH bond of HQ molecule, which is interacting with the -electron cloud of benzene in T-a, is blueshifted by about 50 cm Ϫ1 compared to that in the free HQ molecule.
IV. CONCLUDING REMARKS
Theoretical study of the structure and binding energy of the hydroquinone-benzene clusters has been performed at the MP2 and CCSD͑T͒ levels. Both T-a and P-a are the most stable conformers, and they are calculated to be nearly isoenergetic at the MP2 level. However, the CCSD͑T͒ level favors the T-a structure. Since hydroquinone and benzene play crucial roles in many important biological systems, the study of nonbonded interactions involving aromatic rings including these two moieties would be of great use for further understanding of the mechanisms of many biologically important processes and self-assembly processes.
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